Science gateways, virtual laboratories and virtual research environments are all terms used to refer to community-developed digital environments that are designed to meet a set of needs for a research community. Specifically, they refer to integrated access to research community resources including software, data, collaboration tools, workflows, instrumentation and high-performance computing, usually via Web and mobile applications. Science gateways, virtual laboratories and virtual research environments are enabling significant contributions to many research domains, facilitating more efficient, open, reproducible research in bold new ways. This paper explores the global effect of these programs in increasing research impact, demonstrates their value in the broader digital landscape and discusses future opportunities.
Introduction
Science gateways, virtual laboratories and virtual research environments (hereafter science gateways) refer to various kinds of community-developed digital interfaces to advanced technologies that support research. They are used in a wide variety of scientific domains, from high-energy physics and astrophysics 5 to humanities and the social sciences. By tailoring digital environments to community needs, science gateways perform a key role in integrating elements of the e-infrastructure landscape, providing online access to software, data, collaboration tools, instrumentation and high-performance computing, to facilitate increased research impacts. 10 Science gateways are enabling significant contributions in many research domains, with national and international initiatives to develop gateways further demonstrating their importance and value. This paper explores the global impact of these programs, highlighting their successes, value in the broader landscape and future focus. The paper begins with a discussion on the defini-15 tion of terms, then documents national and international programs in this field. This investigation then highlights the role and value of science gateways in the digital research environment, and examines the impact of science gateways, to evidence how science gateways facilitate more efficient, open, reproducible research in bold new ways. A discussion of challenges and opportunities ahead 20 concludes the study. 2 
Definition of terms
A number of terms are often used in this field, including science gateways, virtual laboratories and virtual research environments (VREs). Different terms exist in large part for historical reasons; science gateways evolved in the USA, 25 virtual laboratories in Australia, and VREs in Europe.
Shahand's analysis of science gateways research defines science gateways as "web-based enterprise information systems that provide scientists with customized and easy access to community-specific data collections, computational tools and collaborative services on e-Infrastructures." [1] This definition is sim-30 ilar to that used by the Science Gateways Community Institute, the USA's National Science Foundation-funded coordination project in this area, which also differentiates between science gateways and the generic cyberinfrastructure on which they build [2] . Australia's virtual laboratory community uses similar definitions, with an emphasis on access to integrated data, computational 35 environments and tools [3] .
Between 2004-2011, Jisc funded the development of a number of VREs in the UK, and defined VREs more broadly than science gateways and virtual laboratories: "The term VRE is now best thought of as shorthand for the tools and technologies needed by researchers to do their research, interact with other re- 40 searchers ... and to make use of resources and technical infrastructures available both locally and nationally." [4] Horizon 2020, the European Commission's research and innovation framework programme, suggests that VREs "should integrate resources across all layers of the e-infrastructure (networking, computing, data, software, user interfaces), should foster cross-disciplinary data interoper- It should be noted that science gateways can vary in scope depending on the 65 problems they aim to address and the domains they support. In this paper, an inclusive definition of science gateways is used, covering all the aspects raised above.
Science gateways activities around the globe
Activities involving science gateways are growing around the globe, with 70 the establishment of programs, organizations, conferences and special issues in scientific journals.
Programs and Organizations
Whilst science gateways have historically been enabled through a wide variety of mechanisms, they are now increasingly facilitated through national and 75 international programs that specifically facilitate their development and sustainability. National and international programs focusing on the development of science gateways include:
• CANARIE, a non-profit corporation, with the major investment in its programs and activities provided by the Government of Canada, funds the de-80 velopment of research software that enables Canadian researchers to more quickly and easily access research data, tools and collaborators. Since 2007, CANARIE has provided funding for 37 science gateway projects in disciplines such as high energy physics, astronomy, astrophysics, oceanography, human kinetics, robotics, bioinformatics, genomics, neurology, car- 
Collaborative Initiatives
A common observation in these national and international programs is that the development of science gateways is increasingly complex, therefore communities of practice have formed across international initiatives through global 135 consortia. The very impetus for this paper comes from the International Coalition on Science Gateways, an international forum that brings together national, regional and international initiatives to provide leadership on future directions 6 for science gateways, facilitate awareness and identify and share best practice in the field [17] . 140 The Virtual Research Environment Interest Group (VRE-IG) within the Research Data Alliance (RDA) brings together initiatives actively developing science gateways, along with representatives of common infrastructure services and the researchers that seek to make use of these technologies. This group realized an effort to identify the necessary technical aspects, governance issues, 145 and best practices required to support more coordinated approaches [18]. The VRE-IG has been meeting at the twice-yearly RDA plenaries since March 2016 to discuss commonalities between science gateways, virtual research environments and virtual labs on intercontinental level. The goal of the interest group is to form a forum for discussions and support for a common understanding of 150 essential architectures, as well as to promote a wider uptake of technologies via the gateways catalog of SGCI.
Conferences and Journal Special Issues
Conferences have been established by the science gateway community of practice to report on their advances, challenges, insights, and solutions. 155 The first International Workshop on the Gateway Computing Environments (GCE ) took place in the USA within the Supercomputing conference in 2005.
The GCE series successfully ran as half-day or full-day workshops hosted at Supercomputing, XSEDE, and other related conferences. From 2016 the Gateway conference series has been organized yearly by the Science Gateways Community 160 Institute as a two-day event that also includes tutorials and demonstrations.
The International Workshop on Science Gateways (IWSG) series has been running in Europe since 2009 [19] as a three-day event with oral presentations and discussions, and that more recently has also included co-located satellite events. IWSG-A, the International Workshop on Science Gateways -Australia, 165 occurred annually between 2015-17, in a one-to two-day format.
A summary of the events since 2005 is presented in table 1. Figure 1 Practice and Experience (CCPE) [22, 23, 24, 25, 26, 27, 28] . Currently the conference series in the USA, Europe, and Australia partner to organize a yearly special issue comprising some of the papers from all three events. Instead, they can use the latest optimized software on powerful remote hard-205 ware completely through the web, of which nanoHUB provides an impressive example [31] .
Researchers no longer need to be physically co-located because resources can be globally distributed, with only an internet connection needed for participation. This also enables inclusion of less advantaged researchers/institutions. 210 The Sci-GaIA project has demonstrated this through its tremendous success in deploying a vast array of applications available through the African Grid Science Apache Apache Airavata [32] , HUBzero [33] and Galaxy [34], Drupal [35] and
Science gateways provide these benefits to users by performing a key role in integrating e-infrastructure layers, in particular by linking together elements 225 that can include data storage, tools, authentication, networks, cloud and highperformance computing, and access to data resources for reuse (sometimes called "data as infrastructure"). This integration tailors digital environments to community needs without the need for expertise in navigating the enabling information technology infrastructure that supports their work. They simplify linkage 230 to other infrastructures, such as synchrotrons, ground-based telescopes, satellites, DNA sequencers, distributed archives and performance art studios. In some cases, the science gateway architecture supports the whole research process from hypothesis generation to results analysis, including provenance information. One example is the VRE under construction in the EVER-EST 235 project [37] , which will support handling of research objects along the complete information lifecycle in Earth science research. Science gateways also have a role in education, training researchers of the future and providing access to methods formerly only accessible to experts. Examples are CLEERhub [38] for Science, Technology, Engineering, and Mathematics (STEM) and STEMrelated 240 disciplines, and Vortex Shedding, which provides a free on-line educational environment for high school and college level students to learn about physical phenomena [39] . the Global Bioimaging head node in Turku, Finland. Another example is the CIPRES science gateway [45] , which provides an API interface to its software-285 as-a-service offerings, allowing others developing gateways to use those services from within their own frameworks.
Whilst some gateways already cross a number of disciplines to answer research questions, a global, decentralized network of science gateways may emerge. Related to the need for science gateway interoperability is a need for an ef-315 fective discovery mechanism to assist researchers in identifying existing software that might meet their needs. Registries of science gateways and other software for research do exist, but there is no single authority for these resources at an international level. The current ecosystem is a combination of registries for individual reusable gateways [59, 33] that do not necessarily inter-operate, general 320 software registries that include scientific components [60, 61] , funder-specific registries [62] , and registries that are limited to one, or a handful of related disciplines [63, 64] . Since there is already a proliferation of registries as described above, a federated approach is more appropriate than the creation of yet another registry. Such a federation would not only support search and discovery, but in available to ecosystem scientists and lecturers [66] .
In this network, platforms would expose a consistent front through open spec-

The impact of science gateways
A range of ways exist to quantitatively provide evidence for the impact of individual science gateways:
• number of users and individual researchers,
355
• number of laboratories and groups served,
• number of organizations,
• computing infrastructure activity (number of jobs, computing time and storage),
• number of citations (to Science Gateways),
360
• number of (enabled) publications,
• value of access to software,
• value of access to data,
• contingent valuation,
• efficiency savings, and 365 14 • return on investment.
Traditional metrics such as user numbers are still actively used and some groups used more impact-focused studies to demonstrate contingent valuation.
These are often used alongside emerging measures such as software citation [67] .
However, different science gateways (programs) utilize different combinations of 370 measures. It would also be useful to be able to analyse the sustainability of science gateways (beyond initial grant funding) as another measure of success.
It is difficult to make comparisons across science gateway programs due to their different structures and ways of measuring impact. For example, Nectarfunded virtual laboratories identify over 23,000 users; however, the methods 375 used by each virtual laboratory to measure users can vary widely. In contrast, CANARIE defines users as referring to research teams or groups, rather than individual researchers. While the US-based XSEDE program does not fund gateways, dozens of gateways use its compute resources. In an Interim Project Report from 2018 [68], Table 12 -1 shows gateway users varying between 10,000 380 and 12,000 in 2017, about four times higher than active users at the command line. There are also many successful gateways that do not need high-end computing, for example, the vast majority of the more than a million nanoHUB users [31] , for which such metrics would not be appropriate.
Part of the evidence for the value of science gateways comes from work high-385 lighting the importance of e-infrastructures, such as Mayernik, Hart, Maull and Weber's work [69] . They note the increasing recognition that "traditional as- Officers and Chief Technology Officers at US academic institutions resulted in 5,000 respondents. In total 88% indicated to rely on science gateway-like interfaces to conduct their work and 57% were themselves involved in some capacity in the creation of these [73] .
A recent study applied a similar methodology to the Industrial Ecology Vir- 
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